We report the scaling relations derived by fitting the X-ray parameters determined from analyzing the XMM-Newton observations of 120 galaxy clusters in the Planck Early Sunyaev-Zel'dovich sample spanning the redshift range of 0.059<z<0.546. We find that the slopes of all the investigated scaling relations significantly deviate from the self-similar predictions, if self-similar redshift evolution is assumed. When the redshift evolution is left free to vary, the derived slopes are more in agreement with the self-similar predictions. Relaxed clusters have on average ∼30% higher X-ray luminosity than disturbed clusters at a given mass, a difference that, depending on the relative fraction of relaxed and disturbed clusters in the samples (e.g. SZ vs X-ray selected), have a strong impact in the normalization obtained in different studies. Using the core-excised cluster luminosities reduces the scatter and brings into better agreement the L-M tot and L-T relations determined for different samples. M tot -T , M tot -Y X , and M tot -M gas relations show little dependence on the dynamical state of the clusters, but the normalizations of these relations may depend on the mass range investigated. Although most of the clusters investigated in this work reside at relatively low redshift, the fits prefer values of γ, the parameter accounting for the redshift evolution, different from the self-similar predictions. This suggests an evolution (<2σ level, with the exception of the M tot -T relation) of the scaling relations. For the first time, we find significant evolution (>3σ) of the M tot -T relation, pointing to an increase of the kinetic-to-thermal energy ratio with redshift. This is consistent with a scenario in which higher redshift clusters are on average more disturbed than their lower redshift counterparts.
INTRODUCTION
X-ray and Sunyaev-Zel'dovich (SZ) surveys are two independent probes of the same physical component in galaxy clusters: the hot gas filling the space between galaxies. However, these surveys have a different dependence on the gas density: the X-ray emission scales with the square of the electron gas density, while the SZ effect scales linearly. Due to that, the SZ experiments detect a larger fraction of disturbed systems than the X-ray surveys which detect more centrally peaked and relaxed galaxy clusters (Rossetti et al. 2016 , Rossetti et al. 2017 Corresponding author: Lorenzo Lovisari lorenzo.lovisari@cfa.harvard.edu Andrade-Santos et al. 2017 , Lovisari et al. 2017 , Bartalucci et al. 2019 . This is an important fact, because relaxed and disturbed clusters populate a different region of the residual space with respect to the best-fit L-M tot and L-T relations, with relaxed (disturbed) objects having, on average, an X-ray luminosity higher (lower) than the mean (e.g. Pratt et al. 2009 ; for example, see Figs. 2 and 4 right panels). This offset is probably associated with the strength of cool-cores that boost the cluster X-ray luminosity. Mergers also likely contribute to the scatter, because the total masses can easily be incorrectly estimated when the clusters are not in Hydrostatic Equilibrium (HE), as happens during cluster mergers. Thus, a different sampling of the galaxy cluster population leads to observed relations that differ both in arXiv:2002.11740v1 [astro-ph.CO] 26 Feb 2020 slope and normalization for the different samples. Moreover, different trends in X-ray luminosity are shown to be correlated with other X-ray observables, e.g. temperature, inducing significant covariance between cluster properties (e.g. Mantz et al. 2016 , Sereno et al. 2019a , Farahi et al. 2019 , Sereno et al. 2019c . Therefore, the comparison between studies with different cluster selection is very challenging. We also note that the fraction of relaxed and disturbed systems may evolve with redshift which further complicates the comparison between local and distant samples, if the relative fraction of relaxed and disturbed systems in the sample is unknown.
Since SZ surveys are thought to be very close to being mass-selected, and as such, unbiased, the different fraction of relaxed and disturbed systems in X-ray and SZ surveys also raises concerns about the representativeness of the X-ray selected samples which are often used to define our current understanding of cluster physics and as calibration samples for numerical simulations or cosmological studies.
The Planck Early Sunyaev-Zeldovich (ESZ, Planck Collaboration et al. 2011) cluster catalog is a good reference set for characterizing mass-selected cluster samples, for studies of structure formation including comparison with theory and simulations, as well as for cosmological tests. With the exception of one candidate, all the ESZ clusters have been independently confirmed (e.g. Planck Collaboration et al. 2011 , Planck Collaboration et al. 2014 . Most crucially, compared to ground-based SZ surveys, which have observed only a few thousand square degrees, Planck's all-sky (|b|>15 • ) cluster survey provides a large statistical sample spanning a broad mass range, including the rare, very massive clusters.
In Lovisari et al. (2017) several morphological parameters were derived to investigate the difference between the dynamical state of the clusters in SZ and X-ray surveys. The comparison between the Planck Early Sunyaev-Zeldovich (ESZ, Planck Collaboration et al. 2011 ) selected clusters with the REXCESS sample (Böhringer et al. 2007) , an X-ray selected cluster sample, indicated that the Planck clusters are, on average, less relaxed and have a lower fraction of cool core systems. This result confirmed the prediction by numerical simulations (e.g. Motl et al. 2005) and previous findings by Rossetti et al. (2016 Rossetti et al. ( , 2017 and Andrade-Santos et al. (2017) , and likely reflects the tendency of X-ray surveys to preferentially detect clusters with a centrally-peaked morphology, which are more X-ray luminous at a given mass, and on average more relaxed.
In the near future, eROSITA (Merloni et al. 2012 ) will provide catalogs with a large number of galaxy groups and clusters which, for the reasons outlined above, may not be representative of the whole cluster population. Thus, to fully exploit the entire eROSITA sample of detected clusters to constrain cosmological parameters, we need to take into account the different selection effects, including morphology, and Malmquist or Eddington biases. While several methods (see e.g. Pacaud et al. 2006 , Vikhlinin et al. 2009 , Pratt et al. 2009 , Mantz et al. 2010 , Schellenberger & Reiprich 2017 have been proposed to account for Malmquist and Eddington biases, little has been done to incorporate and account for the morphology bias which is expected to be important for eROSITA (and for X-ray survey data in general). In fact, most of the clusters detected with eROSITA will have too few photons to derive gas density and temperature profiles (and thus too few to determine mass profiles). Therefore the total masses will be mostly estimated using scaling relations (e.g. using the L-M tot relation). Hence, cosmological studies will rely on the solid understanding of the scaling properties, for both relaxed and disturbed clusters. In addition, knowing the selection function may not be sufficient, if the scaling relations are determined using a sample which is not representative of the whole cluster population.
In this paper we derive the X-ray scaling relations for a representative sample of Planck selected clusters and we compare them with ones derived using X-ray selected samples and for a sample of clusters detected with the South Pole Telescope (SPT, Carlstrom et al. 2011) . Moreover, we investigate the scaling properties for subsamples of relaxed and disturbed clusters to highlight the impact on the relations of a different fraction of regular and dynamically active systems.
This paper is structured as follows. In Sect. 2 we describe the sample and the XMM-Newton data reduction. The determination of the X-ray properties and the methodology for quantifying the scaling relations is described in Sect. 3. We present our results in Sect. 4 and discuss them in Sect. 5. Section 6 contains summary and conclusions.
Throughout this paper, we assume a flat ΛCDM cosmology with Ω m =0.3 and H 0 =70 km s −1 Mpc −1 . Log is always base 10 here. Uncertainties are at the 68% c.l. Several studies determined the L-M tot and L-T relations using the luminosities in the 0.5-2 keV band instead of the 0.1-2.4 keV band used in this work. To compare these relations with our results, we corrected the normalizations, assuming a scaling factor of 1.62 obtained assuming an unabsorbed APEC model in XSPEC (Arnaud 1996) for a cluster temperature of 5 keV, abundance of 0.3 solar, and a redshift of 0.2. The scaling factor only changes by a few percent by varying these input parameters.
DATA
Our sample contains 120 galaxy clusters observed with XMM-Newton and originally selected from the Planck Early Sunyaev-Zeldovich (ESZ, Planck Collaboration et al. 2011) . As described in Lovisari et al. (2017) , these are the ESZ clusters for which R 500 was completely covered by XMM-Newton observations, allowing the estimation of the morphological parameters. R 500 was estimated using iteratively the M 500 -Y X relation given in Arnaud et al. (2010) . As shown in Lovisari et al. (2017) , the mass and redshift distributions of these systems are representative of the whole ESZ sample of 188 galaxy clusters.
Observation data files (ODFs) were downloaded from the XMM-Newton archive and processed with the XMMSAS (Gabriel et al. 2004) v16.0.0 software for data reduction. The initial data processing, to generate calibrated event files from raw data, was done by running the tasks emchain and epchain. We only considered single, double, triple, and quadruple events for MOS (i.e. PATTERN≤12) and single events for pn (i.e. PATTERN==0) and we applied the standard procedures for bright pixels and hot columns removal (i.e. FLAG==0), and pn out-of-time correction. All the data sets were cleaned for periods of high background due to the soft protons, following the two-step procedure extensively described in Lovisari et al. (2011) . The point-like sources were detected with the edetect-chain task and visually inspected before excluding the regions with point sources from the event files. The background event files were cleaned by applying the same PATTERN selection, flare rejection, and point-source removal as for the corresponding target observations.
3. X-RAY QUANTITIES
Luminosities
The X-ray luminosities have been derived within two different apertures: 0-1R 500 and 0.15-1R 500 (referred to as core-excised luminosity). The total count rates within the different apertures, have been derived by integrating the surface brightness (SB) derived in the 0.3-2 keV band and then converted into the 0.1-2.4 keV band (hereafter L X ) and bolometric (i.e. 0.01-100 keV band, hereafter L bol ) luminosities with XSPEC, using the best fit spectral model estimated in the same aperture. Uncertainties take into account both the statistical factors and the uncertainties in the derivation of R 500 . The relative errors were estimated via Monte Carlo realizations by randomly varying the observational data points of the SB profiles to determine a new best fit. The randomization was performed assuming a Gaussian distribution with mean and standard deviation equal to the observed uncertainties.
Temperatures
Spectroscopic temperatures have been obtained by fitting the spectra with an APEC thermal plasma model with an absorption fixed at the total (neutral and molecular, see Willingale et al. 2013 ) N H value estimated using the SWIFT online tool 1 , with the exception of a few clusters (marked with a star in Table A1 ), which were found to have a significantly different absorption than the value indicated from the tool. All MOS and pn spectra were fitted simultaneously in the full (i.e. 0.3-10 keV) energy band, with temperature and abundance linked, while the normalizations were left free to vary to account for the different cross-calibration between the detectors (see e.g. Schellenberger et al. 2015) . The modeling of the background is described in Lovisari & Reiprich (2019) .
The radial temperature profiles have been derived by extracting the spectra from successive annular regions created around the X-ray peak. We required a minimum width of 30 to ensure that the redistribution fraction of the flux is at most about 20% (Zhang et al. 2009 ) and a S/N≥50 to ensure an uncertainty of ∼10% in the spectrally resolved temperature (and consequently in the fitted temperature profiles). We also required the source-to-background count rate ratio to be higher than 0.6 to reduce the systematic uncertainties in the temperature measurements (see Leccardi & Molendi 2008 for more details). The number of obtained bins per cluster is listed in Table A1 . The profiles are then deprojected, using the method presented in Vikhlinin (2006) . The implementation has been done following Schellenberger & Reiprich (2017) , where the parameters of the deprojected temperature profile are determined using a Markov Chain Monte Carlo. The input temperature profiles are projected along the line of sight at every radius that has a measurement and compared to the observed profile, until convergence. Then, the global and core-excised temperatures, used in the scaling relations, were determined by integrating the deprojected profiles along the line of sight (starting from the center and 0.15R 500 , respectively) weighted by the emission measure, and accounting for the detector response. We verified that these temperatures are in good agreement with the temperatures derived using a single spectral extraction: a linear fit gives a slope of 0.97±0.03 and an intrinsic scatter of ∼6%. It should be noted that not only uncertainties in the 3D temperature profile parameters, but all MCMC chains are used for the following steps (e.g., calculating the total mass), to assure the covariance of parameters is taken into account.
Masses
The total cluster masses can be obtained by solving the HE equation. Assuming spherical symmetry, the total cluster mass M within a radius r is given by
where k B and G are the Boltzmann and gravitational constants, and µ is the mean particle weight in units of the proton mass m p . The observational inputs needed for this calculation are the density profiles obtained in Lovisari et al. (2017) and the temperature profiles obtained as discussed in Sect. 3.2. We solved Eq. 1 for the radii of the spectral extraction regions (temperature measurements) and fited an NFW model up to the outer regions (Navarro et al. 1997) for the mass profile with the relation from Bhattacharya et al. (2013) between the Dark Matter concentration c 500 and R 500 as a prior, which constrains the posterior distribution of R 500 to reasonable values (see Schellenberger & Reiprich 2017 for more details). The mass of the gas is then calculated by integrating the density profile within R 500 estimated from Eq. 1, and, together with the cluster temperature, it is used to determine the Y X (=M gas × kT ) and Y X,exc (=M gas × kT exc ) parameters. The derived properties for individual clusters are listed in Table A1 , and their distribution is shown in Fig. 1 .
FITTING THE SCALING RELATIONS
We investigated the following relations: L-M tot , L-T , M gas -T , M tot -T , M tot -Y X , and M tot -M gas . We fitted the relations using both the soft band (0.1-2.4 keV) and bolometric luminosities (0.01-100 keV), as well as both the global or core-excised properties, when appropriate. The full uncertainty covariance matrix between the Xray properties was computed and used for the analysis of the scaling relations. For each set of parameters (X,Y), we linearly fit our data as:
where Z is the intrinsic cluster property (i.e. the 'true' quantity), α denotes the normalization, β the slope, γ Table 1 . Self-similar values and pivot points used in the scaling relations in the form of Y∝ E γ z X β . In the second and third columns we provide the predictions from the selfsimilar scenario for the redshift evolution γ self and scaling relation slope β self , respectively. C1 and C2 values are the pivot points used in Eq. 2. the evolution with redshift, σ the intrinsic scatter 2 in the two variables X and Y, and
indicates the dependence on the evolution of the Hubble constant at redshift z. The pivot points, C1 and C2, have been chosen to be roughly the median values of the sample and they are summarized in Table 1 . For each relation, we also provide the predicted slope β self and redshift evolution γ self in the case where gravity is the dominant process, a scenario which is referred as self-similar model (see e.g Maughan et al. 2012) . We fit the data with a linear relation of the variables in log space using the R-package LIRA 3 . LIRA is based on a Bayesian method that can deal with heterogeneous data and correlated errors, and allow normalizations, slopes and scatters (and relative uncertainties) to be fitted simultaneously (see Sereno 2016 for more details). As a default, all the important parameters are left free to vary, and central values and uncertainties are summarized in Table 2 (and a visual recap of all β, γ, and σ is presented in Sect. 6, see Fig. 8 and 10). The impact of freezing some of the parameters is discussed in Appendix B where, for comparison, we also provide the central values obtained using the routine LINMIX by Kelly (2007) and the best-fit values from BCES by Akritas & Bershady (1996) , and we discuss the resulting 2 The intrinsic scatter manifests as a data distribution around a relation. Therefore, the smaller the intrinsic scatter value is, the closer the data distribution is to strict linearity. In LIRA, the intrinsic scatter refers to the probability of the variable of interest (X when σ X|Z is considered, or Y in the case of σ Y |Z ) given the latent property Z (e.g. the true cluster mass). differences. To allow the reader to reproduce our results, in Appendix C, we provide the LIRA commands to be used in the different cases investigated in this paper.
In Table 2 , we also provide an estimate of the goodness of the fit, computed as:
where δ x and δ y denote the statistical uncertainties and δ xy is the uncertainty covariance. This term gives an idea of the goodness-of-fit but it does not follow a (reduced) χ 2 statistic. In fact, the intrinsic scatters σ X|Z and σ Y |Z are estimated in the regression procedure and are not known a priori. Furthermore, C gof is computed for the mean values of the parameter posterior distribution and not for the maximum likelihood parameters.
RESULTS
To investigate the impact of the cluster dynamical state on the scaling relations, we used the morphological information (i.e. centroid-shift and concentration parameter) from Lovisari et al. (2017) to select the most relaxed "R" (1/3 of the total) and most disturbed "D" (1/3 of the total) clusters in the ESZ sample. Their distribution is also shown in Fig. 1 . In the following we discuss the individual scaling relation results for the full ESZ sample and for the subsamples of relaxed and disturbed clusters.
L X -M tot
In Fig. 2 we show the results for the L X -M tot relation. The relation is corrected for the Eddington bias (see Sereno 2016 for more details), but not for the Malmquist bias, which is negligible 4 when fitting the X-ray properties of an SZ selected sample. The fitted relation is shown with a solid green line, while the dark green shaded area encloses the 1σ confidence region around the median scaling relation. We also show the biascorrected relations derived for well known X-ray selected samples: REXCESS (Pratt et al. 2009, GP09) FLUGCS (Schellenberger & Reiprich 2017, GS17) , 400d (Vikhlinin et al. 2009, AV09) , and the flux-limited samples of massive clusters by Mantz et al. (2010, AM10) and Mantz et al. (2016, AM16) . Moreover, we show the recent result from Bulbul et al. (2019, EB19) who investigated the X-ray properties of a sample of SPT clusters spanning the redshift range from z=0.2 to z=1.5. We find a relation steeper than the prediction of the self-similar scenario (i.e. β>1), which is probably the result of the combined effect of gas cooling, AGN feedback, and subcluster mergers. We also find mild evidence for negative redshift evolution (i.e. γ<1) in agreement with Sereno & Ettori (2015a) . This might be a sign of additional radiative cooling and uniform (pre-)heating at high redshift.
There is good agreement between the slopes determined using Planck and SPT selected samples, despite the different distributions of cluster masses and redshifts (i.e. the SPT selected clusters used by EB19 are on average at higher redshift and lower mass than the ones used in our work). However, there is a normalization offset on the order of ∼45% at M tot =6×10 14 M and z=0.2 between the two relations, which reduces to ∼23% when self-similar redshift evolution (i.e. γ=2) is assumed. A large offset in the scaling relations is also observed when comparing our results with those derived from the X-ray selected samples, with the exception of the REXCESS sample, which instead agrees extremely well with our results. However, as noted by AM16, a straightforward comparison between the different studies is difficult because the total masses have been derived using different methods (e.g. AV09 and GS17 used the HE equation while GP09 and AM10 used, respectively, Y X and M gas as a proxy). Nonetheless, we note that the flux-limited samples (GS17, AM10, and AM16) show flatter relations than all the other samples. The X-ray samples used by GP09 and AV09, which have properties of both a flux-and a volume-limited sample, have slopes for the derived scaling relations in better agreement with the results obtained from SZ selected clusters.
If we force the redshift evolution to be self-similar (i.e γ=2), similar to what done by, e.g., GS17, we find a flatter relation for the ESZ sample, more in agreement with GS17 results. As discussed in Appendix B, fixing the redshift evolution impacts our relations by changing both slope and normalization.
In Fig. 3 (top panel) , we show the distribution of the relaxed (in blue) and disturbed (in red) clusters, with respect to the fitted relation for the full sample (green line), along with the relations found in earlier studies. We found that relaxed clusters have, on average, higher soft band (0.1-2.4 keV) luminosities L X than disturbed systems, confirming the finding by GP09. Thus, when the relaxed and disturbed subsamples are fitted independently, we find that they have similar slopes (only slightly flatter for the disturbed clusters), but different intrinsic scatter and normalizations. The intrinsic scatter is only ∼16% for the relaxed systems, while it is significantly larger, ∼26%, for the disturbed clusters. The relatively low scatter observed for the relaxed clusters is probably due to the fact that the dominant contribution to the scatter for these systems is the presence of a dense core which scatters L X always in the same direction (i.e. boost of L X ). On the contrary, in disturbed clusters there are many processes (e.g. non-thermal pressure, substructures and clumps, shocks and temperature inhomogeneities) playing a role, each of them acting in different directions and with a different magnitude.
At M tot =6×10 14 M and z=0.2 the normalization of the relation for the most relaxed clusters is ∼20% higher than the relation fitted if we included all the objects. The normalization of the relation for the most disturbed clusters is, instead, ∼10% lower than the relation fitted including all the objects. This implies that, for a given total cluster mass the X-ray soft band luminosity of dis- Figure 3 . left: LX -Mtot relations determined for relaxed (blue) and disturbed (red) systems independently. Clusters that are not classified in either of the two subsamples are shown in black. The green line shows the fitted relation for all the clusters. The relations obtained with the redshift evolution frozen to the self-similar value, γ=2, are indicated with a self subscript. In the inset plot we show the histogram of the log space residuals from the fitted LX -Mtot relation, derived with γ free to vary. Relaxed clusters are, on average, above the relation, while disturbed clusters are, on average, below. right: comparison between the LX,exc-Mtot relation determined in this work with some of the relations available in the literature. Using the core-excised luminosities brings into better agreement the relations of relaxed and disturbed clusters. The histogram of the log space residuals in the inset plot shows that relaxed and disturbed systems are distributed around the fitted relation when core-excised luminosities are used. LX are soft band (0.1-2.4 keV) luminosities. For the acronyms in the legend see Sect. 5.1.
turbed galaxy clusters is on average ∼30% lower than the luminosity of relaxed clusters. That means that if we do not take into account the dynamical state information for the X-ray selected samples, which are biased toward relaxed systems, we are not able to properly correct for all the selection biases. Indeed, this poses an issue for the eROSITA studies, because there will be too few counts to determine their cluster morphology or to derive accurate core-excised X-ray properties. Assuming that SZ selected samples better represent the true cluster population, one can use them to correct the scaling relations derived with X-ray selected samples and/or calibrate different mass proxies.
L X,exc -M tot
Several studies have shown that using the core-excised luminosities helps to reduce the scatter of the L X -M tot relation (e.g. Pratt et al. 2009 , Mantz et al. 2018 . Therefore, we also computed the X-ray soft band luminosities L X , excluding the core, corresponding to 0.15R 500 . Indeed, these relations show a much lower scatter with respect to those derived using luminosities with the cores included. The intrinsic scatter reduction is more significant for the most relaxed clusters, in agreement with the idea that the dominant contribution to the scatter for these systems is the dense and peaked core, while for disturbed systems, differ-ent processes, not associated with the core, are responsible for the scatter. The relations determined with core-excised luminosities are moderately flatter, but consistent within uncertainties, than the ones with the core-included (β=1.668±0.183 vs β=1.822±0.246), which may suggest a larger fraction of relaxed clusters at high masses. However, the same effect (i.e. flattening of the slope) is less obvious when fitting the data assuming the redshift self-similar evolution (i.e. γ=2). That could be explained if relaxed and disturbed systems evolve differently with redshift. Although the large uncertainties in γ, due to the limited redshift range of our sample, do not allow conclusive results, we have indeed hints of a slightly larger negative evolution for the most relaxed clusters (i.e. the fitted γ for relaxed clusters tends to be systematically lower than the γ derived for disturbed systems, see Table 2 and Fig. 8 ). Moreover, when using the core-excised properties, we note a systematic trend to higher γ values which is in better agreement with the self-similar predictions.
Using the core-excised luminosities, we find that relaxed and disturbed systems share very similar relations. This agreement suggests that independently of the relative fraction of relaxed and disturbed systems in a sample, the core-excised luminosities can be used to obtain a universal relation that can be used for future surveys. However, we note that core-excised tempera- Table 2 . Fitted relations for the ESZ sample. The subsample of relaxed (disturbed) clusters have a surface brightness concentration higher (lower) than 0.18 and a centroid-shift lower (higher) than 0.0137. The morphological parameter values have been taken from Lovisari et al. (2017) . The definition of C gof is given in Eq. 4. tures usually cannot be measured for poor clusters or groups even in relatively deep surveys like XXL (e.g. Pierre et al. 2016) . Moreover, although the use of the L exc helps to reduce the offset between the different relations for X-ray and SZ selected samples, there is still a normalization offset which requires the determination of the true cluster mass scale (see the review by Pratt et al. 2019 ) to obtain the universal L X,exc -M tot relation (in the case of AM10 there is also a difference in the slope, which may depend on the different proxy used to estimated the total masses). In Fig. 3 (right panel) we show the L X,exc -M tot relation showing good agreement between all the relations.
The relations of the ESZ sample determined using the bolometric luminosities (i.e. 0.01-100 keV) L bol are steeper than those found using the luminosities in the soft X-ray band (i.e. 0.1-2.4 keV). The slope is steeper than the prediction from the self-similar scenario with a significance of more than 3σ, using both core-excised and core-included luminosities. Similarly to the L X -M tot relation, we observe hints of a negative evolution (i.e. γ=0.541±0.940) with respect to the self-similar scenario (i.e. γ=7/3). The intrinsic scatter, larger than the one obtained using the soft band luminosities, is at the ∼25% level and it is comparable with others found in the literature (e.g. EB19). Again, the scatter is larger for the disturbed clusters, and the reduction, after removing the cores, is larger for the most relaxed systems.
L X -T and L X,exc -T exc
Because of the different methods used to determine the total cluster mass (HE, WL, mass proxies, etc.), comparing the L-M tot relations from different studies is not always straightforward and can potentially bias our interpretation of the impact on the scaling relations of the different selection effects (e.g. the different fractions of relaxed/disturbed clusters). A more direct comparison can be done using the L-T relation, although crosscalibration uncertainties between Chandra and XMM-Newton should be taken into account. While at low ICM temperatures, both observatories deliver similar results, the differences increase in the high temperature regime (see Schellenberger et al. 2015 , for more details) where most of our clusters reside.
In Fig. 4 (left panel), we compare our result with the finding by GP09, Lovisari et al. (2015, LL15) , Giles et al. (2016, XXL) , and Migkas 5 et al. (submitted, KM19) .
The L X -T relation is significantly steeper than the value predicted by the self-similar scenario (i.e. β=3.110±0.422 vs β=1.5). Although the fit prefers a slightly smaller redshift evolution factor γ (but consistent within the uncertainties with the self similar prediction), the impact on the slope is quite small. Similarly to the L X -M tot relation, we observe quite good agreement for the L X -T relation with other works for the slope, but a significant offset for the normalization. Again, the most relaxed clusters tend to have a higher luminosity for a given temperature (see Fig. 4 , left panel). At 5 keV, relaxed clusters have, on average, a luminosity ∼50% higher than disturbed clusters.
The use of the core-excised luminosities brings into better agreement the best-fit relations for relaxed and disturbed clusters (see Fig. 4 , right panel). The L X,exc -T exc relation, although shallower than the L X -T relation is still much steeper than what is predicted by the self-similar scenario (β=1.5). The slope determined by AM10 is only slightly flatter than other results and can be easily explained by the higher temperatures delivered by Chandra used by AM10 compared to those from XMM-Newton used in this work and GP09.
The scatter of the temperature is smaller than the scatter of the total mass, indicating that the temperature is less sensitive than the total mass to the processes (e.g. presence of substructures) affecting the scatter. The results for the L X -T relation confirm that scatter in L X is basically driven by the boost in luminosity due to the peaked cores. In fact, we do not see any reduction of the scatter for the L-T relation of the most disturbed clusters derived using the core-excised luminosities, neither in σ X|Z or σ Y |Z . The lower scatter of the L-T relation can also be caused by positively correlated intrinsic scatter of luminosity and temperature at a given mass (Sereno et al. 2019b .
L bol -T and L bol,exc -T exc
As was the case with soft X-ray luminosities, the L-T relations obtained with the bolometric luminosities have a slope significantly steeper than the self-similar 10 3 4 5 6 7 8 9 T (keV) Figure 4 . left: comparison between the LX -T relation determined in this work with the best-fit relations obtained from other well-studied samples selected in the X-ray. LX are soft-band (0.1-2.4 keV) luminosities. The green line represents the fitted relation with γ free to vary in the fit. The dark and light shaded areas represent the 1σ statistical error and scatter, respectively. In blue and red we show the fitted relations determined for relaxed and disturbed systems, independently. In the inset plot, we show the histogram of the log space residuals from the fitted LX -T relation. As for the LX -Mtot relation (see Fig. 3 ), relaxed objects are on average above the relation, while disturbed clusters are on average below. right: comparison between the LX,exc-Texc relation determined in this work with some of the relations available in the literature. The histogram of the log space residuals in the inset plot shows that relaxed and disturbed clusters distribute homogeneously around the fitted relation, when core-excised luminosities and temperatures are used. The acronyms in the legend are described in Sect. 5.1 and Sect. 5.4. scenario (i.e. β=3.464±0.400 vs β=2). Although the core-excised temperatures and luminosities help to flatten the slope (i.e. β=2.808±0.247), this is not sufficient to bring it into agreement with self-similar expectations (i.e. β=2). In both cases, the redshift evolution of the full sample is in agreement with the predicted evolution (i.e. γ=1). However when using the core-included L bol and T, the evolution of the most relaxed objects deviates at ∼1σ level from the prediction, while that is not the case for the disturbed systems. Again, using the core-excised luminosities helps to reduce the scatter for the subsample of relaxed clusters, but it has little effect on the subsample of disturbed systems (see Table 2 ).
M tot -M gas
The mass of the ICM correlates very well with the total cluster mass with a relatively small intrinsic scatter (e.g. Okabe et al. 2010 , Sereno et al. 2019a . Moreover, the M gas computed with Chandra and XMM-Newton within the same radius agree within a few percent (e.g. Bartalucci et al. 2017 ). In Fig. 5 , we show that this is indeed also the case for the ESZ sample. Moreover, we note that the slopes of fits to the different samples are in quite good agreement. Since the fraction of relaxed and disturbed systems in these samples is quite different, this implies that the slope of the M tot -M gas relation is quite insensitive to the dynami-cal state of the clusters. This is indeed confirmed by the results for the subsamples of relaxed and disturbed systems, which show a good agreement in their slopes, although the intrinsic scatter for the disturbed clusters is larger than the one for relaxed clusters. The higher scatter observed in disturbed systems for both M tot and M gas is not surprising given the assumption of spherical symmetry. In fact, for these systems the presence of substructures and large scale inhomogeneities may bias the reconstruction of the clusters' properties (e.g. Vazza et al. 2013 , Zhuravleva et al. 2013 .
There is an offset in the normalization, of the order of 5% at 10 14 M and z=0.2, between the relations obtained in this work and the results from Ettori (2015, SE15) . The offset is even larger, of the order of 10% if compared with GP09 and LL15, and of the order of 20% with EB19. Part of this offset can be attributed to the nature of the different samples (i.e. ESZ contains more disturbed clusters), as shown by the better agreement between the ESZ relaxed clusters and the X-ray selected samples. This is because the normalization of the relaxed clusters is ∼4-5% higher than the one for the disturbed clusters. Moreover, the lower mass range covered by the other samples (see Fig. 5 ), with respect to the ESZ sample, may also play a role. In fact, lowmass systems have a lower gas fraction than the most massive ones (e.g. Vikhlinin et al. 2006, Pratt et al. In the inset plot, we show the histogram of the log space residuals from the fitted Mtot-Mgas relation. The agreement between the slopes obtained with samples having a different fraction of relaxed and disturbed systems, and between the subsamples of relaxed and disturbed clusters in the ESZ sample, suggests that this relation is insensitive to the dynamical state of the clusters. However, the offset observed in the normalization may suggest that the mass range of the investigated samples plays a role because of the increasing gas fraction for high mass systems. The acronyms in the legend are described in Sect. 5.1, Sect. 5.4, and Sect. 5.6. Lovisari et al. 2015) implying a lower gas mass for a given cluster mass than what one would expect if the gas fraction were universal, and linearly related to the total mass. Thus, samples skewed towards massive systems, where the effect of baryonic processes and radiative cooling are expected to be relatively less impactful, are expected to have a lower normalization in the M tot -M gas plane. To support this interpretation, in Fig. 5 , we only plot the relations in the mass range investigated in the individual papers and we can see that, with the exception of EB19, there is a shift toward lower normalizations in the M tot -M gas plane when only massive clusters are considered. Apart from the best-fit relation from Mahdavi et al. (2013, AM13) , all the other relations point to a slope close to ∼0.8, therefore flatter than what is predicted if the gas fractions were the same on all mass scales. The agreement between the slopes, but not in the normalization, suggests that this relation is almost independent of the fraction of relaxed and dis- Figure 6 . Mtot-YX relation for the ESZ clusters investigated in this work. The most relaxed and most disturbed clusters are shown in blue and red, respectively. The green line represents the fitted relation with γ free to vary. The dark and light shaded areas represent the 1σ statistical error and scatter, respectively. In the inset plot, we show the histogram of the log space residuals from the fitted Mtot-YX relation. As for the Mtot-Mgas relation, there is good agreement between the slopes obtained from the different samples, but an offset in the normalization. This, together with the good agreement between the relations obtained with the subsamples of relaxed and disturbed ESZ clusters, suggests that the Mtot-YX relation is insensitive to the dynamical state of the objects, but dependent on the mass range investigated. The effect is smaller than that observed for the Mtot-Mgas. The acronyms in the legend are described in Sect. 5.1, Sect. 5.4, Sect. 5.6, and Sect. 5.7.
2009,
turbed systems in the sample, but may depend on the mass range of the clusters that are investigated or on systematic differences in HE mass estimates..
M tot -Y X
The Y X parameter ), a measure of the total thermal energy in the ICM, is also a low scatter mass proxy (see Fig. 6 ). As for the other scaling relations, we observe quite good agreement in the slope derived from independent studies and an offset in the normalization, in particular in the best-fit derived by EB19 and AM13 (∼8% lower normalization). The offset is smaller, on the order of ∼5%, with respect to LL15 and AV09, while it is in perfect agreement with the result by Arnaud et al. (2010, MA10) . If the offset is caused by the lower M gas in low-mass systems, then we should observe a lower M tot -Y X relation also for LL15 that includes systems with total masses down to ∼2×10 13 M . Instead the relation by LL15 has a lower normalization than the one from EB19, in particular in the low-mass regime. Unlike the other studies plotted in Fig. 6 , EB19 uses SZ derived masses, which may suggest a mass trend of the SZ signal with the total mass that would result in an offset in the X-ray observables and total mass relations.
Almost all the studies find a slope of the M tot -Y X relation shallower than what is expected from the selfsimilar scenario (i.e. β=0.6). This may be caused by the increasing gas fractions for increasing total cluster masses. In fact, LL15 found that the slopes of the M tot -Y X relation, derived in the low-and high-mass regimes agree well with the prediction of the self-similar scenario. However, the normalizations are quite different, with the galaxy groups having a >10% higher normalization than the clusters, due to their average lower gas fraction. This offset in the normalization leads to a slightly shallower relation, when fitting all the systems together.
The relations, determined for relaxed and disturbed clusters separately, are in good agreement. Thus, as for the M tot -M gas relation, the M tot -Y X slope is insensitive to the dynamical state of the objects, but it may still have a small dependence on the mass range considered, which affects the normalization, although with a lower impact than what is seen in the M tot -M gas relation. As for the M tot -M gas relation there is a hint of a smaller scatter for relaxed clusters, but the difference is within the statistical uncertainties. Using the core-excised temperatures to calculate the Y X parameters does not impact either the shape or the scatter of the relations. This confirms that the relation is basically insensitive to the influence of AGN feedback and/or star formation, as suggested by the numerical simulations (e.g. Kravtsov et al. 2006 , Nagai et al. 2007 ). The similarity in the scatter of the M tot -M gas and M tot -Y X for both relaxed and disturbed systems, suggests that the scatter in the two relations is probably driven by the same processes.
M tot -T exc
In Fig. 7 we compare our M tot -T exc relation with the relations available in the literature by LL15, AV09, AM10, XXL, EB19, and SE15. The slope for the ESZ sample, β=1.508±0.126, is in agreement with the selfsimilar expectations (i.e. β=1.5), but with a positive redshift evolution at the ∼3σ level. However, if the redshift evolution is forced to be self-similar, the fit prefers a much steeper relation (i.e. β=1.823±0.076), which is in better agreement with the result by AM10, who fitted jointly the luminosity, temperature, and total cluster mass, accounting for the selection biases, and assuming a self-similar redshift evolution. The M tot -T relation determined with core-excised temperatures is not significantly different from that obtained Figure 7 . Mtot-Texc relation for the ESZ clusters investigated in this work. The most relaxed and most disturbed clusters are shown in blue and red, respectively. Clusters that are not in these two subsamples are shown in black. The green line represents the fitted relation with the redshift evolution free to vary. The dark and light shaded areas represent the 1σ statistical error and scatter, respectively. In the inset plot we show the histogram of the log space residuals from the fitted Mtot-Texc relation. The acronyms in the legend are described in Sections 5.1, 5.4, and 5.6.
using the core-included temperatures. Relaxed and disturbed clusters share a similar relation, and also the scatter is not significantly different (σ Y |Z =0.037±0.015 vs σ Y |Z =0.046±0.022 for the relaxed and unrelaxed subsamples, respectively), as instead was observed by Lieu et al. (2016) for the XXL sample using WL masses, and XMM-Newton temperatures within a 300 kpc radius. A similar level of the scatter for the temperature suggests that the processes that alter the homogeneous temperature distribution have a relatively small impact on the scatter of the scaling relations.
DISCUSSION
All the observed scaling relations, with the exception of the M tot -T exc , have a slope that deviates from the expectation of the self-similar scenario by more than 2σ (see Fig. 8, left panel) , but are statistically consistent with the results from the literature (within 1σ if the same fitting method is used). There are also hints that relaxed systems have steeper relations than disturbed clusters (see Table 2 ), again with the exception of the M tot -T exc , but that needs to be confirmed with a larger sample to strongly reduce the statistical uncertainties of the fits.
In the case of the L-M tot relations, we observe quite large normalization offsets between the different stud- Table 1 ). The results for the full sample are shown in green squares, while the results for the subsamples of relaxed (R) and disturbed (D) clusters are shown in blue circles and red diamonds, respectively. In the top panels, we show the difference between the observed and predicted values (i.e. if a relation behaves self-similarly the data point would be consistent with zero). In the bottom panels we show how significantly the parameters deviate from the prediction.
ies. This is partially associated with the assumed fitting procedure and the choice of keeping the redshift evolution frozen or free (see Appendix B for more details). Strongly contributing to the offset is also the different fractions of relaxed and disturbed systems in the investigated samples. In fact, on average, relaxed systems have a 30% higher X-ray soft band (0.1-2.4 keV) luminosity than disturbed clusters for the same mass. The origin of this difference is the lack of self-similarity in the gas density profiles of relaxed and disturbed clusters as discussed by Maughan et al. (2012) . Disturbed clusters have flatter profiles, while relaxed clusters have more centrally concentrated gas density profiles. Moreover, Maughan et al. (2012) found a temperature dependence for the profiles of the disturbed systems with hotter clusters having higher densities than the cooler clusters. They did not find the same dependence for the relaxed clusters (see also Mantz et al. 2016 ). The ESZ sample has a similar behavior, and we also find a temperature dependence for relaxed clusters in the low redshift (z<0.2) regime, while the most distant and relaxed clusters of our sample show similar profiles, independent of their temperature. These results complicate the comparison of the L-M tot relation from different works. To illustrate why, we compare the average profile of the ESZ sample with the REXCESS sample (see left panel of Fig. 9 ). The two samples have a similar electron density in the center, but in the outer regions, the ESZ clusters show a much higher density than the REXCESS clusters. Since the two samples span a different mass range, in the middle panel of Fig. 9 we only compare the massive systems, which show much better agreement in the outer regions, while showing a higher gas density in the core of the REXCESS clusters. However, since ESZ clusters are on average more disturbed than REXCESS clusters (e.g. Lovisari et al. 2017) , in the right panel of Fig.  9 , we compare only the most relaxed systems in ESZ with all REXCESS clusters, and find that the agreement is very good. This agreement reflects the good match between the relation found by GP09 and that from the most relaxed objects in the ESZ sample. However, the different shape of the electron density profiles for relaxed and disturbed systems, together with their temperature/redshift dependence and the relative fraction of relaxed/disturbed systems in the samples, has an impact on the observed slopes and normalizations, and also on the cluster redshift evolution.
To further complicate the comparison, we note that different studies compute the total masses in different ways, which can easily result in an offset of 10-20% (e.g. Sereno & Ettori 2015b . The assumption of N H (LAB vs TOT), plasma model (e.g. mekal vs apec v1.3.1 vs apec v3.0.9), and abundance tables (e.g. ASPL from Asplund et al. 2009 vs ANGR from Anders & Grevesse 1989 in the spectral fitting and in the conversion of the total count rates from the surface brightness to the cluster fluxes also can cause an offset in the y-direction (i.e. in X-ray luminosity). Moreover, some relations have been obtained using the luminosities derived with RASS data, while others use the higher quality data of Chandra and XMM-Newton, which allow a more accurate point source detection. Similar arguments can be applied to the L-T relation, with the complication that temperatures obtained with different detectors can vary significantly, with a larger deviation observed for hot clusters, which therefore can also lead to a different slope. Interestingly, both the L-T and L-M tot relations from different studies tend to converge, when the core-excised luminosities are used, which points to the different fraction of relaxed and disturbed systems as the main contribution for the observed offset.
The relativity good agreement between the L X,exc -T exc relation of AM10 with the other relations may also indicate that their flatter slope for the L X,exc -M tot relation is probably related to a mass-dependent effect on the total mass estimation.
The M tot -M gas and M tot -Y X relations are in good agreement between the different studies, particularly if self-similar redshift evolution is assumed. One of the reasons is that, differently from the luminosity, M gas depends linearly on the gas density, reducing the impact of different selection methods. This is probably also due to the smaller offset between the relation obtained with the relaxed and disturbed cluster subsamples (i.e. only ≤5% difference). Interestingly, both the ESZ and SPT samples suggest a slightly flatter M tot -Y X relation than the relations derived from X-ray selected samples, although at low significance.
Special discussion is needed for the M tot -T relation. As can be seen in Fig. 7 , there is some tension between the best-fit relations determined in different studies, both in terms of slope and normalization, with the latter easily connected to the method and/or proxy used for the total mass estimate. The slope can be as shallow as 1.25±0.16 as found by EB19 or as steep as 2.08±0.18 as found by AM10. The consistency of the M tot -T relation for galaxy groups and clusters (e.g. Sun et al. 2009 and Lovisari et al. 2015) excludes the possibility that the differences are related to the mass (temperature) range investigated. Moreover, the agreement of the M tot -T relation at low-and high-mass ends suggests that nongravitational processes are not strongly impacting this relation. Therefore, the offset seen in Fig. 7 may point to a possible bias introduced in the estimate of the total mass. For instance, EB19 used the SZ masses to derive the scaling relations and if the SPT mass estimates suffer from a mass-dependent bias as found by the Planck mass estimates it could explain the shallower relation.
All the fitted relations for the ESZ sample prefer different values of γ with respect to the expectations of the self-similar scenario. However, given the relatively low redshift (i.e. z med ≈0.2) of the sample, only the value of γ for the M tot -T relation lies more than 2σ from the self similar value (see Fig. 8, right panel) . The best-fits for the L-M tot and L-T relations suggest a negative evolution of the scaling laws, in agreement with the finding by Reichert et al. (2011) who combined several published data sets to investigate the evolution of the X-ray scaling relations to z=1.46. The negative evolution estimated by Reichert et al. (2011) is more significant than the one estimated with the ESZ sample. This is likely due to the larger redshift range covered by their sample, but also because only X-ray selected clusters were used. In fact, interestingly, for the ESZ sample we found a systematic trend to have a larger evolution for the most relaxed objects than for the most disturbed clusters This indicates that relaxed and disturbed systems may evolve differently. We note that, given the large errors associated with γ, this result is not conclusive and a detailed investigation with a larger sample, which also includes more distant clusters, should be performed. Nonetheless, the effect of the cores in the L-M tot and L-T relations should be taken into account, not only for the effect on the scatter, but also the impact on the normalization and on the redshift evolution.
For example, the offset between the ESZ and SPT L X -M tot relation decreases from ∼45% to ∼23% when selfsimilar redshift evolution (i.e. γ=2) is assumed. If relaxed and disturbed clusters evolve differently, and since the fraction of relaxed and disturbed clusters in the ESZ and SPT samples could be different, then forcing the same evolution may reduce the offset. However, that would be an extra effect on top of the offset caused by the different fraction of relaxed/disturbed systems (i.e. the larger the fraction of relaxed objects in the sample, the higher is the normalization). Unfortunately, we do not know the dynamical state for the SPT clusters analyzed by EB19. The evolution factor γ determined for the global and core-excised luminosity relations is consistent in the case of disturbed clusters, while it is different for relaxed clusters. In particular, using the core-excised luminosities leads to a γ value consistent with the one derived for disturbed clusters and in better agreement with the expectations from the self-similar scenario. This suggests that either the peaked and relaxed clusters evolve differently from the disturbed clusters, or that the cool-cores mimic the evolution.
Given the higher normalization in the scaling relations of relaxed than disturbed systems and since flux selected samples have been shown to have a larger fraction of relaxed clusters, the lower normalization found by GS17, AM10, and AM16 must have a different explanation. For example, in this paper, we determined the masses as in GS17, but using XMM-Newton, which is known to deliver lower temperatures than Chandra. It is possible that in the high mass regime, the masses obtained by GS17 are higher than the ones derived in this work because of the higher temperatures determined with Chandra. However, since the temperatures at large radii drops to values where Chandra and XMM-Newton agree better the difference maybe smaller. Indeed, Martino et al. (2014) obtained consistent results for the total hydrostatic masses for the same clusters observed with both Chandra-and XMM-Newton-based measurements. Therefore, a more detailed investigation is required to understand this difference. The relation determined for the most relaxed clusters in our sample agrees well with the relation determined by GP09 for the REXCESS sample, which is dominated by centrally-peaked and relaxed systems. The significant overlap between the n e profiles from the REXCESS sample and our subsample of relaxed systems fully explains this good agreement.
The M tot -T relation shows a positive evolution with respect to the self-similar prediction. The evolution is detected at more than the 3σ level (see Fig. 8 ). The results by EB19 with the SPT clusters are also consistent with a positive evolution, although detected only at 1σ level. Studies of X-ray selected samples, found seemingly contradictory results: e.g. Ettori et al. (2004) and Reichert et al. (2011) found no evolution, while Mantz et al. (2016) found a ∼2σ positive evolution. The fact that the positive evolution is observed more significantly with SZ selected samples is probably associated with the larger fraction of disturbed clusters than in the X-ray selected samples, and a better sampling of the full halo population. Indeed, the redshift evolution for the subsample of relaxed clusters is closer to the prediction of the self-similar scenario. This finding is consistent with the picture that clusters at higher redshift are on average more disturbed (as confirmed by the mild correlation of the centroid-shift with the redshift), therefore their temperatures are hotter than what one would expect from self-similar evolution. Moreover, disturbed clusters tend to have a larger hydrostatic bias, which could potentially mimic the evolution. Although observationally this is the first time that the evolution was detected so significantly, a positive evolution was predicted by recent simulations. For example, Le Brun et al. (2017) investigated a large population of groups and clusters obtained with the cosmo-OWLS suite in cosmological hydrodynamical simulations and found a positive evolution of the M tot -T relation, independent of the included ICM physics. More recently, Truong et al. (2018) also found that the normalization of the M tot -T varies only by ∼20% between z=0.6 and z=0 (roughly the same redshift range investigated in our paper) instead of the ∼40% predicted by the self-similar scenario. The evolution is somehow stronger when AGN feedback is included in the simulations. The reason for this good agreement between observations and simulations may be due to the characteristic SZ cluster selection which is approximately a mass selection. This is more representative of the cluster selection sampled by hydrodynamical simulations.
The scatter in the scaling relations is the sum of different processes acting in different directions. In our study, apart from the L X -T , L bol -T , and M tot -T relations, the subsample of relaxed clusters shows a lower scatter than the subsample of disturbed clusters (see Fig. 10 ). Moreover, the scatter is clearly reduced by excluding the core regions to compute both luminosity and temperature, although the use of the core-excised temperatures has a much lower contribution in the scatter reduction than the core-excised luminosities. This suggests that temperature inhomogeneities do not play Depending on the orientation of the cluster, the estimated M gas can be easily incorrect (i.e. typically the M gas is overestimated if the cluster is elongated along the line-of-sight, while is underestimated if the cluster is elongated in the plane of the sky, see Piffaretti et al. 2003 for more details). Since, the temperature structures have a small effect on the scatter, the determination of M gas by ignoring triaxiality, substructures, and clumps could be one of the major drivers for the scatter in these relations.
SUMMARY AND CONCLUSION
We used archival XMM-Newton observations to determine the X-ray properties (i.e. M tot , M gas , kT , L X , L bol , Y X ) of a representative sample of 120 Planck Early Sunyaev-Zeldovich clusters to investigate the most common X-ray scaling relations: L-M tot , L-T , M tot -M gas , M -Y X , and M tot -T . We fit these relations, leaving free to vary the slope, normalization, redshift evolution, and intrinsic scatter in both X and Y variables. Our results are the following.
• The slopes of the scaling relations derived with SZ selected samples are in relatively good agreement with the relations derived from X-ray selected samples, particularly when the same fitting procedure is used. However, for most of the relations, there is some tension in the normalizations which can only partially be ascribed to the fitting algorithm. Most differences come from the different fraction of relaxed and disturbed systems in the samples, which strongly depends on the different selection functions (e.g. SZ vs X-ray). On top of that, differences also arise from different methods used to determine the global cluster properties (e.g. different mass proxies for the total mass) and the use of different instruments (e.g. gas temperatures from Chandra instead of XMM-Newton). Moreover, because of the mass dependence of the gas fraction, the range of masses considered in each sample has an impact on the slope, normalization, and probably also on the evolution of the different relations.
• There is a hint for a different redshift evolution in relaxed and disturbed clusters. When the core regions are removed, the γ values determined for the two subsamples tend to be in better agreement and also in better agreement with the self-similar predictions.
• The positive redshift evolution of the M tot -T relation suggests an evolution of the kinetic-to-thermal energy ratio of the ICM in clusters. Higher redshift clusters are on average more disturbed, so that the contribution to the non-thermal pressure by large scale motions is larger. The γ value obtained for relaxed clusters is in better agreement with the self-similar prediction than the one obtained for the most disturbed systems, in support of this scenario.
• The M tot -M gas and in particular the M -Y X relations show the weakest dependence on the dynamical state of the systems, as suggested by numerical simulations. Both relations show consistent slopes (although shallower than the self-similar predictions) and normalizations. Moreover they also show a redshift evolution in relatively good agreement with the self-similar expectations.
• The intrinsic scatter of the relations derived for the relaxed cluster subsample is smaller than the one derived for the disturbed subsample. Moreover, removing the central regions of the clusters further reduces the scatter, particularly for the most relaxed systems.
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Facilities: XMM-Newton
Software: XSPEC (Arnaud 1996) , SAS (v16.0.0; Gabriel et al. 2004) APPENDIX A. CLUSTER PROPERTIES All the X-ray properties used in this paper and calculated within R 500 are listed in Table A1 . +0.59 In this paper we compared our results with the best-fit relations from papers that used different linear regression techniques for their analysis. This complicates the comparison and the interpretation of the different results because they are affected by how one treats the measurement errors, which may be heteroscedastic and correlated, and the intrinsic scatter. On top of that, the treatment of the selection effects that bias some cluster samples also has a non-negligible effect on the regression results. Many methods have been proposed to account for these effects (e.g. see Kelly 2007 , Mantz 2016 , Sereno 2016 , and references therein), each with their advantages and disadvantages. Here we compare the results from LIRA (Sereno 2016) , the technique used in this paper, with BCES (Akritas & Bershady 1996) and MLINMIX (Kelly 2007) , two linear regression techniques, publicly available, and widely used when fitting scaling relations. We summarize the results in Table B1 , and we plot the L X -M tot and the L X -T relations for illustration in Fig.  B1 . For both relations, the slope obtained with LIRA leaving all the parameters free to vary (in green) is the steepest and is in fairly good agreement with the result of the orthogonal method with BCES (in black). However in the latter case, the redshift evolution is forced to be self-similar in contrast to the negative redshift evolu-tion determined in the fit with LIRA. Fixing the redshift evolution either to the self-similar value or to zero (i.e. redshift independent relation) impacts the shape of the relations: the larger the γ factor, the flatter the relation (see Table B2 ). For all the relations, but the M tot -T , the fit prefers a γ value smaller than the self-similar prediction (although consistent within ∼1σ). Although, the significance for each relation is small, the systematic trend for all relations suggests that it is probably a real effect. Most relaxed clusters, which are thought to be less affected by processes such as gas motions, inhomogeneities, clumps, and shocks, show a redshift evolution more in agreement with the self-similar prediction, which strengthens our argument. However, if we assume that gravity is the only force driving structure formation, then we could fix the redshift evolution to the predictions, and check if we can recover the predicted slopes. Fixing the redshift evolution tightens the relations, by breaking the degeneracy between α, β, and γ. In this case, the slope of L X -M tot and the L X -T relations would be slightly flatter but still significantly steeper than the self-similar predictions. Also the slopes of the M tot -M gas and M tot -Y X relations become flatter, but in this case the deviation from the self-similar prediction is even larger. The slope of the M tot -T relation gets steeper than the self-similar prediction. Since the temperature of a cluster is only de-termined by the depth of its potential well, a deviation from self-similarity would require a mass bias which is temperature dependent. Considering the scatter in both variables can also play a significant role, depending on the distribution of the data points on the X-axis and on their errors and intrinsic scatter. In Fig. B1 we show in blue and yellow the best-fit results obtained by fitting or not the intrinsic scatter in the X-axis. In the case of the L X -T , the determined slopes are significantly different. When we set the scatter on X to zero, we find good agreement between LIRA and LINMIX.
C. REPRODUCIBILITY OF THE RESULTS
The R-package LIRA is a very powerful tool with many parameters that can be frozen or left free to vary depending on the analyses of interest (see Sereno 2016 for all the details). In this paper, we consider two main cases. In the first case, both the variables X and Y are treated as scattered proxy of an underlying quantity Z, e.g. the true mass or a rescaled version of the true mass. Here, σ X|Z and σ Y |Z are the intrinsic scatters of X and Y for a fixed value of Z. In the second case, we consider only the scatter in the Y variable, and σ Y |Z=X is the intrinsic scatter of Y for a given value of X.
To allow the full reproducibility of our results, below, we provide the commands used in the different cases. Let x and y, delta.x and delta.y, covariance.xy, and z be the vectors storing the values of the observed x and y, their uncertainties δ x and δ y , the uncertainty covariance δ xy , and the redshifts z, respectively. If not stated otherwise, priors and parameter values are set to default.
• For regressions without scatter on the X variable, the analysis was performed with the command where the argument gamma.YIZ=2 freezes γ to a fixed value.
• For regressions with fixed time evolution and fixed slope, e.g β = 1 and γ = 2, the analysis was performed with the command > mcmc <-lira (x, y, delta.x = delta.x, delta.y = delta.y, covariance.xy = covariance.xy, z = z, z.ref = 0.2, beta.YIZ=1.0, gamma.YIZ=2.0, sigma.XIZ.0 = prec.dgamma , gamma.mu.Z.Fz=0.0, gamma.sigma.Z.D= dt , n.chains = 4, n.adapt = 2×10 3 , n.iter = 2×10 4 ),
where the values of beta.YIZ and gamma.YIZ were frozen (beta.YIZ=1.0 and gamma.YIZ=2). The LIRA software and its underlying assumptions and methods have been extensively tested with data and simulations (see, e.g., Sereno 2016 or Sereno et al. 2019c . Accurate sampling of the parameter posterior probability distribution is crucial. Here we compare the LIRA sampling which relies on Gibbs sampling exploiting the JAGS (Just Another Gibbs sampler) library 6 , with an alternative method where the original data-set is perturbed proportional to the observed measurement errors, the fitting procedure is repeated for each random data extraction, and the parameter posterior is built as the distribution of the central momenta.
Let us consider the mass versus core excised soft luminosity for the full sample in the more general case, e.g. time-evolution and scatter in the X variable. We extracted a collection of 10 3 simulated data-sets, where the random pairs {M 500 − L X } pair are extracted from bivariate Gaussians centered on the actual pair and with the same measured uncertainty covariance matrix. For each regression, we collect the posterior mean. As can be seen from Fig. D1 , there is good agreement between the two methods. The peaks of the posterior distributions are located well within the statistical uncertainty. The Gibbs sampling proves to be better suited to fully explore the full parameter space, with posterior generally broader. 
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.55 (fit) ; X|Z=0.05 (fit) =1.00 (fix) ; X|Z=0.00 (fix) =1.00 (fix) ; X|Z=0.05 (fit) =1.00 (fix) ; =1.50 (fix) BCES orth BCES YX LINMIX Figure B1 . left panel: lines show comparison of the fitted results for the LX -Mtot relation obtained using different fitting methods. In green we show the fitted relation obtained using LIRA allowing all the parameters to vary (our reference model in the paper). In blue (intrinsic scatter in both variable) and yellow (intrinsic scatter only in the Y-axis) we show the best-fit results obtained assuming the self-similar redshift evolution (i.e γ=2). In orange we show the best-fit obtained assuming that both the slope and the redshift evolution are self-similar. In black and magenta, we show the result from BCES, while in red we show the result using the LINMIX algorithm. In both cases the redshift evolution was chosen to be self-similar. 
